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ABSTRACT
Context. The existence of an extended neutral hydrogen exosphere around small planets can be used as an evidence for the presence
of water in their lower atmosphere but, to date, such feature has not been securely detected in rocky exoplanets. Planetary exospheres
can be observed using transit spectroscopy of the Lyman-α line, which is limited mainly by interstellar medium absorption in the core
of the line, and airglow contamination from the geocorona when using low-orbit space telescopes.
Aims. Our objective is to assess the detectability of the neutral hydrogen exosphere of an Earth-like planet transiting a nearby M dwarf
using Lyman-α spectroscopy and provide the necessary strategies to inform future observations.
Methods. Our tests require spatial and velocity information of the neutral hydrogen particles in the upper atmosphere. The spatial
distribution is provided by an empirical model of the geocorona, and we assume a velocity distribution based on radiative pressure
as the main driver in shaping the exosphere. We compute the excess absorption in the stellar Lyman-α line while in transit, and use
realistic estimates of the uncertainties involved in observations to determine the observability of the signal.
Results. We found that the signal in Lyman-α of the exosphere of an Earth-like exoplanet transiting M dwarfs with radii between 0.1
and 0.6 R produces an excess absorption between 50 and 600 ppm. The Lyman-α flux of stars decays exponentially with distance
because of interstellar medium absorption, which is the main observability limitation. Other limits are related to the stellar radial
velocity and instrumental setup.
Conclusions. The excess absorption in Lyman-α is observable using LUVOIR/LUMOS in M dwarfs up to a distance of ∼15 pc. The
analysis of noise-injected data suggests that it would be possible to detect the exosphere of an Earth-like planet transiting TRAPPIST-1
within 20 transits.
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1. Introduction
The exosphere of a planet is defined as the region where the gas
becomes collisionless, or more formally the region where the
Knudsen number (the ratio between the mean free path and the
scale height) is higher than one. This region is predominantly
sustained by atmospheric escape from the planet, driven mainly
by non-thermal processes (Shizgal & Arkos 1996; Volkov et al.
2011) for planets like the Earth, and thermal hydrodynamic es-
cape for strongly irradiated giant planets (e.g., Lammer et al.
2003; Lecavelier des Etangs et al. 2004).
The first observations of evaporating atmospheres of exo-
planets were performed for hot Jupiters such as HD 209458 b
(Vidal-Madjar et al. 2003; Ehrenreich et al. 2008; Linsky et al.
2010) and HD 189733 b (Lecavelier Des Etangs et al. 2010;
Lecavelier des Etangs et al. 2012; Poppenhaeger et al. 2013).
The process of evaporation is facilitated in such close-in inflated
planets because, in the energy-limited regime, the mass loss rate
is proportional to the high-energy flux received from the host
star and inversely proportional to the bulk density of the planet
(Lecavelier Des Etangs 2007). Atmospheric escape has also been
observed in the warm Neptune exoplanet GJ 436 b (Kulow et al.
2014; Ehrenreich et al. 2015), in which the conditions are favor-
able to produce a comet-like tail of neutral hydrogen (Bourrier
et al. 2015, 2016; Lavie et al. 2017).
An exospheric cloud such as the one around GJ 436 b pro-
duces extremely large transit absorption signatures in Lyman-α
(56% ± 3%, Ehrenreich et al. 2015) compared to what is mea-
sured in the optical transmission spectrum of this planet (250
ppm, Lothringer et al. 2018). It is not known how small a planet
can be and still exhibit a readily detectable exospheric cloud.
The Earth itself is surrounded by a neutral hydrogen exosphere,
which produces the geocorona1 (Wallace et al. 1970; Carruthers
& Page 1972). A recent Lyman-α (hereafter Lyα) image of the
Earth taken from 0.1 au showed that the geocorona spans more
than 38 Earth radii (Kameda et al. 2017). The hydrogen density
is approximately 20 atoms cm−3 at a height of 600,000 km in the
Earth’s exosphere. Venus and Mars also have H-rich exospheres,
but they are far less extended and less dense because these plan-
ets have atmospheres rich in CO2 and possess lower exospheric
temperatures (Kulikov et al. 2007).
Detecting an extended hydrogen exosphere around a rocky
exoplanet would be a compelling evidence for the presence of
water in the lower atmosphere of the planet, since the atomic
H is a product of photodissociation of water. Jura (2004) indeed
proposed that evaporating exoplanetary oceans could fuel H-rich
exospheres (see also Selsis et al. 2007; Bolmont et al. 2017).
This could be a new path to characterize habitability-zone (HZ)
1 The traditional definition of geocorona is the light emitted by the
Earth’s exosphere. In this manuscript, however, we use the terms
"Earth’s exosphere" and "geocorona" interchangeably.
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exoplanets and trace their water content2. This is especially rel-
evant for planets around M dwarfs, which are targets of intense
search for rocky planets because their HZ is closer to the star and
transiting planets produce large signals. Much speculation has
been done, for instance, for the water content of the TRAPPIST-
1 planets (Gillon et al. 2016; Bourrier et al. 2017d,a; Bolmont
et al. 2017).
Far-extended exospheres are easier to analyze in Lyα than
the compact lower atmospheres at longer wavelengths. More-
over, the velocity field in the exosphere can reach more than
a hundred km s−1, spreading the atmospheric absorption signal
over a large range of wavelengths and increasing its detectabil-
ity. Currently, the only telescope that has access to the Lyα line
is the HST, and the instrument usually employed for these ob-
servations is the Space Telescope Imaging Spectrograph (STIS).
In the future, projects such as the Large Ultraviolet Optical In-
frared telescope (LUVOIR, Bolcar et al. 2017) and the Habitable
Planet Explorer (HabEx, Gaudi et al. 2018) will build upon on
the FUV capabilities of HST in several aspects. Using a theoret-
ical model of the Earth’s exosphere and several simplifications,
Gómez de Castro et al. (2018) calculated that the detection of an
Earth-like exosphere is possible for the nearest stars, provided
that the mirror size is larger than 4 m. In this work, we perform a
more detailed and extensive assessment of this prospect based
on observational constraints of the geocorona (Kameda et al.
2017) and provide scaling relations for the stellar radius, dis-
tance (considering interstellar medium absorption), exospheric
density and instrumental setup. Further, this study aims at in-
forming the community about the capabilities of future UV tele-
scopes to characterize HZ exoplanets.
This manuscript has the following structure: in Sect. 2 we
present the observation and models of the Earth’s exosphere; in
Sect. 3 we describe how the Lyα profile of different targets and
conditions is computed and estimate the excess absorption signal
in Lyα transmission spectroscopy for an Earth-like planet tran-
siting a M dwarf; in Sect. 4 we extensively discuss the observa-
tion strategies and limitation on performing such a detection; in
Sect. 5 we briefly present the best targets on which to conduct
intensive searches; in Sect. 6 we present the main conclusions
obtained in this research.
2. Observation and model of the Earth’s hydrogen
exosphere
2.1. The neutral hydrogen geocorona
The Earth’s exosphere was observed using the Lyman Alpha
Imaging Camera (LAICA) onboard the Proximate Object Close
Flyby with Optical Navigation (PROCYON) on 9 January 2015,
when the spacecraft was at a distance of 2348 R⊕ (0.1 au) from
the Earth and at coordinates 74.09◦ and -23.94◦ in right as-
cension and declination (see figure 1 in Kameda et al. 2017).
The LAICA instrumentation consists of a 41-mm diameter
Cassegrain-type telescope and a detector unit equipped with a
122 ± 10 nm band-pass wavelength filter. The total exposure
time of the observation was 300 s, spatial resolution was 1.34
and 0.98 R⊕/pixel in the horizontal and vertical directions, re-
spectively, and the effective field of view of LAICA is 2◦ × 2◦.
This observation revealed that the geocorona spans more than 38
R⊕, a value that exceeds the previously determined lower limit of
2 The direct detection of water in the atmosphere of water-rich plan-
ets will be challenging, even with future infrared spectrographs such as
JWST (see, e.g., Deming & Seager 2017).
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Fig. 1. Column density map of the model of the geocorona obtained by
Kameda et al. (2017). The Earth’s transiting disk is show as the small
white circle. The large white circle represents the size of the M dwarf
GJ 436. Asymmetries near the borders are artificial due to rotation of a
box-shaped model.
16 R⊕ (Wallace et al. 1970; Carruthers & Page 1972). According
to Kameda et al. (2017), the geocorona possesses north-south
symmetry, indicating that magnetic fields are not dominant in
shaping the geocorona under moderate solar activity; the asym-
metry in the horizontal direction is inconclusive, since it could be
simply explained by the viewing geometry of the observations.
These observations did not include high-resolution spectroscopy,
thus they do not provide direct dynamical information about the
geocorona.
Based on this observation, Kameda et al. (2017) recon-
structed the geocorona using a modified Chamberlain model
(Chamberlain 1963) with three parameters: the exobase temper-
ature, exobase density and solar radiation pressure. The force of
the solar radiation was determined using the local photon scat-
tering rate; assuming an exobase temperature of 1000 K (as in
Picone et al. 2002), the exobase density was derived from the fit
to the emission data using a simple χ2 minimization.
2.2. Densities and velocity field
To verify if an Earth-like exosphere around a rocky extra-solar
planet is observable with current instrumentation in transit at
Lyα, we start from the analytical model of the neutral hydrogen
geocorona produced by Kameda et al. (2017). We calculated the
three-dimensional density distribution using the model and com-
puted the column densities by integrating the volumetric densi-
ties in the line of sight (see Fig. 1).
The geocorona model yields the densities of neutral hydro-
gen, but not their velocities distribution, which is necessary to
compute the Lyα absorption profile. In order to estimate this dis-
tribution, we assume that there are two competing forces dic-
tating the dynamics of the neutral hydrogen particles in the ex-
osphere: gravity and radiation pressure. The second can either
overturn stellar gravity and move particles away from the star
("radiative blow-out," Bourrier & Lecavelier des Etangs 2013) or
slow down the infall of matter towards the star ("radiative brak-
ing"; see the case of GJ 436 b, a moderately irradiated warm
Neptune in figs. 1 and 2 in Bourrier et al. 2015). Effectively,
the line-of-sight velocities of the particles will be limited in the
bluer end by the orbital velocity of the planet and in the redder
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end by the mode of a thermal distribution of particles with a ki-
netic temperature of 1000 K (mean temperature at the exobase;
Kameda et al. 2017), since the line-of-sight component of the
orbital velocity at transit center is null for circular orbits. Using
this temperature, we obtain that the upper limit of velocities of
particles in Earth’s exosphere is approximately 4 km s−1.
In the reference frame of the host star, particles escap-
ing from an exoplanet atmosphere have an initial velocity that
combines the orbital velocity of the planet and the velocity of
the planetary wind. Assuming nearly circular orbits, the orbital
speed of a planet in relation to the host star is
vorb =
√
GM?
a
, (1)
where M? is the stellar mass and a is the orbital semi-major axis
of the planet. Assuming that a planet orbits in the inner edge of
the HZ of its host star (similarly to the Earth; Kopparapu et al.
2013), the orbital speeds of the hypothetical planet range from
∼30–50 km s−1, respectively for M? varying from 0.1 to 1 M
(for reference, Earth’s orbital speed in relation to the Sun is 29.8
km s−1). In addition, the planetary wind of Earth is well inside
the Jeans escape regime, which means that particles escaping
from the atmosphere are in the high-velocity tail of the Maxwell-
Boltzmann distribution. The introduction of other mechanisms
such as stellar wind and bow shocks, although they could play
a role in determining the distribution of positions and velocities
of particles, would add too many free parameters to our model
and is not justified at this point. Thus, as a first approximation,
and based on the results for the Earth (e.g., Kameda et al. 2017)
and evaporating planets (e.g., Bourrier & Lecavelier des Etangs
2013; Bourrier et al. 2015), we consider radiation pressure to
be the main driver of the dynamics of neutral hydrogen atoms
escaping from Earth-like planets.
3. The signature of transiting exospheres in
Lyman-α emission of quiet M dwarfs
In general, the Lyα emission line of M dwarfs possesses a nearly
Gaussian shape (Wood et al. 2005; Youngblood et al. 2016;
Wheatley et al. 2017). The MUSCLES survey obtained the Lyα
reconstructed flux for 12 inactive early- to mid-M dwarfs using
HST (Youngblood et al. 2017), and their results show that the
Lyα luminosity among the sample varies by two orders of mag-
nitude and correlate with the rotational period of the star; the
Lyα luminosity of GJ 436 is representative of the mean in their
sample (see Fig. 2).
3.1. Interstellar medium absorption
Except for the Sun, we do not have access to the intrinsic Lyα
emission of stars due to absorption by the neutral hydrogen
atoms present in the interstellar medium (ISM) between the tar-
get and the Earth. If the ISM clouds in the line of sight have
radial velocities close to the radial velocity of the target star,
the core of the stellar Lyα emission line is completely absorbed.
Thus, in such cases, only the wings of the Lyα line contain in-
formation about the system. For distant targets, not only their
faintness is a limitation in UV observations, but their distances
also increase the column densities of ISM neutral hydrogen in
the line of sight, as well as the range of ISM radial velocities; for
these reasons, we can only study escaping atmospheres in Lyα
for the closest (d . 60 pc) exoplanetary systems, or for host stars
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Fig. 2. Lyα luminosity of quiet M dwarfs in the MUSCLES sample
(based on GAIA DR2 distances). The Lyα fluxes and stellar radii were
reported in Youngblood et al. (2017). The star symbol marks the posi-
tion of GJ 436.
with large radial velocity (such as Kepler-444, Bourrier et al.
2017b). There is also absorption by deuterium at the rest wave-
length 1215.25 Å, although less pronounced than the absorption
by H i atoms. The radial velocity of the local interstellar cloud
(LIC) varies in the range [-25, 25] km s−1, approximately, de-
pending on the direction of sight (Wood et al. 2005).
In order to estimate how the ISM absorption affects the ob-
servable Lyα fluxes of M dwarfs with different distances, we
simulated the total attenuation of the flux caused by ISM absorp-
tion. We set the physical properties of the ISM to be isotropic,
namely the temperature to 8000 K (similar to the what is mea-
sured in the solar neighborhood), the radial velocity to zero and
turbulence velocity to zero (other values of turbulence do not
significantly affect our results and conclusions). We assumed
the minimum and maximum densities of neutral H in the so-
lar neighborhood (0.01 and 0.1 cm−3), and adopted the fraction
between the densities of deuterium and H ND/NH = 1.5 × 10−5
(Bourrier & Lecavelier des Etangs 2013). The ISM absorption
profiles are computed as in Bourrier et al. (2017c).
We found that the Lyα line fluxes of M dwarfs decrease ap-
proximately exponentially with the distance in the range from
2 to 20 pc, where the flux is attenuated to less than 10% of the
intrinsic emission in case we observe in a direction with high H
column density. However, we reiterate that this is an approxima-
tion, since it is well-known that the ISM in the solar neighbor-
hood is patchy (Redfield & Linsky 2008) and its physical proper-
ties vary, so in reality the attenuation will depend on the direction
of observation.
3.2. Estimating the excess absorption
When a planet with a H-rich exosphere transits its host star, the
opaque disk of the planet will block part of the Lyα flux (i.e.
baseline continuum absorption) and its exosphere will absorb
part of the flux in addition (i.e. excess absorption).
The absorption profile caused by the passage of a cloud of
neutral hydrogen in front of a stellar disk is computed following
the equations in Sect. 2.4 of Bourrier & Lecavelier des Etangs
(2013) applied to the model proposed by Kameda et al. (2017).
The absorption profile depends mainly on the spatial and veloc-
ity distributions of neutral hydrogen atoms (see Sect. 2.2). In
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Fig. 3. Left panel: Expected interstellar medium absorption profiles for distances 2.0, 3.6, 6.3, 11.2 and 20.0 pc and for the minimum column
density of the local interstellar cloud (radial velocity of the cloud is fixed at zero). Right panel: Same as left panel, but for the maximum column
density of the LIC.
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Fig. 4. Observed fraction of the intrinsic Lyman-α flux in function of
distance after ISM absorption. The blue (orange) curve represents the
attenuation in the lowest (highest) density of the LIC.
order to assess the excess absorption by a transiting exosphere,
we use synthetic Lyα profiles based on the observed emission
line of the quiet M dwarf GJ 436.
To obtain the in-transit spectrum, we position an Earth-sized
planet and its exosphere in the center of the disk of the star at
mid-transit (impact parameter b = 0), compute its absorption
profile and multiply this profile by the out-of-transit intrinsic
stellar spectrum. Both in- and out-of-transit spectra are then ab-
sorbed by a realistic ISM model. When measured through a tele-
scope, the observable spectra are convolved with the instrumen-
tal response; furthermore, during the analysis we need to avoid
using wavelength ranges where the signal-to-noise ratio is too
low—we describe practical aspects of observations in Sect. 4.
The exospheric excess absorption per unit wavelength S λ in
the Lyα line is measured by the ratio of the in- (Fλ,in) and out-
of-transit flux densities (Fλ,out). We have, thus
S λ = 1 − Fλ,inFλ,out − apl, (2)
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Fig. 5. Mean excess transit absorption in Lyα caused by an Earth-like
exosphere in function of the stellar radius. In the case of absorption pro-
files convolved with an instrumental profile, we considered the signal
located inside the Doppler velocity range [-50, 10] km s−1.
where apl is the baseline absorption caused by the planet’s
opaque disk. S λ does not depend on the distance of the target
since the fraction Fλ,in/Fλ,out cancels out this dependence. The
mean excess absorption depth S is measured by taking the mean
of S λ between a given range of Doppler velocities.
We simulated a grid of models of transiting events as de-
scribed above around stars of radii varying between 0.1 and 0.6
R, which is our adopted definition of a M dwarf. Since we as-
sumed a flat distribution of velocities for the particles in the exo-
sphere of the planet, the intrinsic excess transit profile is constant
in wavelength. If we take into account the instrumental profile of
a spectrograph, this signal is diluted. The resulting relation be-
tween stellar size and excess transit absorption is shown in Fig.
5. Similarly to optical transits, it is clear that excess transit depths
are deeper the smaller the host star is, which results from simple
geometry.
We expect S λ to depend on the distribution of velocities of
H atoms in the exosphere and on the radial velocity of the tar-
get star because the ISM absorption quickly saturates with dis-
tance and can partially or completely erase the signal we want
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Fig. 6. Mean excess transit absorption in Lyα caused by an Earth-
like exosphere in function systemic radial velocity as observed with
HST/STIS. For spectrographs with higher resolution, the range where
the signal is lost is narrower than the range of STIS (R = 10, 000).
to observe. Considering our assumptions in Sect. 2.2, the radial
velocity range where S λ < 10 ppm depends mainly on the spec-
tral resolution of the spectrograph: for HST/STIS, this range is
located approximately between [0, 40] km s−1 (see Fig. 6); the
approximate ranges for the LUVOIR planned spectrographs LU-
MOS and POLLUX are, respectively, [5, 30] and [10, 25] km
s−1. Outside these ranges, the expected signal should follow the
relations seen in Fig. 5.
4. Practical and observational aspects
Currently, the only instruments capable of performing FUV
spectroscopy of exoplanetary atmospheres are the STIS and COS
spectrographs aboard the HST. Several projects of large-aperture
telescopes equipped with FUV instruments are being currently
studied. The World Space Observatory (WSO-UV, Sachkov et al.
2016). in particular, is even partially built. In the following sec-
tions we are going to consider HST/STIS and two potential in-
struments with known specifications for the LUVOIR telescope:
LUMOS (France et al. 2016, 2017) and POLLUX (Muslimov
et al. 2018). We will discuss how these instruments can over-
come the current limitations that make it challenging to detect
the excess absorption signal of exospheres (see Sect. 3) around
Earth-like planets.
4.1. Geocoronal contamination
Far-ultraviolet observations can only be performed from space,
and low-orbit telescopes (such as the HST) contain contami-
nation from geocoronal emission produced by the Earth’s exo-
sphere (see Fig. 7). In general, the geocoronal contamination is
variable (stronger in the day-side of the Earth and weaker in the
night-side), but it can be removed in a straight-forward fashion,
provided that the observations are performed with a slit spec-
trograph: the sky spectrum is measured away from the target,
and then it is simply subtracted from the spectrum of the tar-
get. According to the manual of HST/STIS, during an exposure
with high geocoronal contamination, the fluxes are ∼1.98 times
larger than the average, and they are ∼0.20 times lower when in
the shadow of the Earth. In the case of spectrographs with a cir-
cular aperture, such as the Cosmic Origins Spectrograph (COS)
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Fig. 7. Mean geocoronal emission of the Earth as measured with
HST/STIS during 27 observations (red spectrum). The gray spectra cor-
respond to the different exposures. The emission lines were aligned to
the rest frame of the telescope by fitting Gaussians to each exposure.
on HST, the removal of geocoronal contamination is not straight-
forward, but it can be performed using airglow templates3 (see,
e.g., Wilson et al. 2017; Bourrier et al. 2018).
In any case, even after the removal of the geocoronal con-
tamination, the additional photon noise will remain in the spec-
tra obtained with low-orbit telescopes. The increased noise will
affect how well we can measure the excess absorption signal by
the exosphere of a hypothetical Earth-like exoplanet. This issue
can be alleviated by observing near the night-side of the Earth,
but such a measure will implicate in shorter exposures: in the
case of HST, opting for observations in the Earth’s shadow will
reduce the exposure time by approximately 50%. It is also more
difficult to allocate time for such a proposal that is already time-
constrained in the first place.
4.2. Measurement uncertainties
The uncertainties σ of the flux density Fλ measured in a spec-
trograph are a combination of the non-photonic background term
σoffset and the photon noise that scales linearly with the square
root of Fλ:
σ2 = σ2offset +
(
G
√
Fλ
)2
. (3)
These parameters can vary broadly between different instru-
ments. Based on the observations of GJ 436 reported by Lavie
et al. (2017), we found that, for HST/STIS, σoffset ≈ 4.15×10−16
erg s−1 cm−2 Å−1 and G ≈ 3.74 × 10−8 (erg s−1 cm−2 Å−1)1/2 for
one exposure of 50 minutes using the grating G140M. With these
numbers, we estimate that the mean uncertainty added by geo-
coronal photon noise in a 50-minute long exposure of HST/STIS
amounts to 4.7 × 10−15 erg s−1 cm−2.
The factor G in Eq. 3 depends on the exposure time and sev-
eral instrumental properties, such as mirror size, and the efficien-
cies of the optics and the detector. To realistically compute the
3 Airglow templates for HST/COS are available at http://www.
stsci.edu/hst/cos/calibration/airglow.html
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expected uncertainties of the observable Lyα spectrum measured
with HST/STIS and other instruments, we consider that
G ∝ 1
Aeff
√
texp
, (4)
where Aeff is the effective area of the instrument (which is the
end-to-end throughput multiplied by the geometric area of an
unobstructed circular aperture with the size of the mirror) and
texp is the exposure time.
The uncertainty σS of the mean excess absorption depth S is
obtained by propagating the uncertainties of Fin, Fout and apl:
σ2S =
(
Fin
Fout
)2 (σinFin
)2
+
(
σout
Fout
)2 + σ2a. (5)
If we assume that Fin ≈ Fout and ignoring the uncertainty σa of
apl for now, then σS simplifies to
σS =
σ
F
√
2. (6)
4.2.1. HST/STIS
According to the manual of HST/STIS4, the throughput of the
instrument using the grating G140M (the usual to perform Lyα
spectroscopy of M dwarfs) is ∼1.5%, resulting in an effective
area of 680 cm2 around 1216 Å.
In the regime where radiation pressure dominates the dynam-
ics of an exosphere, we expect the velocities of the H particles
in the upper atmosphere of the planet to be between the limits
we described in Sect. 2.2 (usually between -40 and 0 km s−1
in the rest frame of the star). Thus, depending on the difference
between the radial velocity of the host star and that of the ISM
cloud in the line of sight, the exospheric absorption signal may
fall inside (totally or partially) or outside of the wavelength re-
gion where there is no flux to be measured (i.e. no information
can be obtained).
Assuming no slit losses, we used Eqs. 3, 4 and 6 to esti-
mate the uncertainty of the mean excess absorption in Lyα flux
of M dwarfs between -50 and 10 km s−1 in the stellar rest frame
(the range where we expect the exospheric absorption signal to
be located). The estimates were performed for a range of stellar
stellar radial velocities and distances, assuming the Lyα profile
to be similar to GJ 436, and we plot the results in Fig. 8.
For a small M dwarf with R = 0.1 R, the expected excess
transit depth between Doppler velocities [-50, 10] km s−1 is ap-
proximately 400 ppm for HST/STIS (dashed line in Fig. 8), and
such a precision is beyond the capabilities of the instrument. The
increase in flux uncertainty between radial velocities 0 and 40
km s−1 is due to the ISM absorption. Furthermore, we note that,
in the case of a large density of H i in the line of sight (as seen in
the right panel of Fig. 8), little to no information about the flux
can be measured for M dwarfs beyond ∼16 pc and radial veloc-
ities between -20 and 30 km s−1 if we use HST/STIS. These re-
sults are compatible with the precision obtained for the Lyα flux
of TRAPPIST-1 using HST/STIS data (Bourrier et al. 2017a).
4 Available at http://www.stsci.edu/hst/stis/performance/
throughput.
4.2.2. LUVOIR/LUMOS and LUVOIR/POLLUX
The detection of an exosphere around an Earth-like planet may
require the use of a larger telescope and improved efficiencies
to decrease the uncertainties of the Lyα flux. For comparison,
the expected effective areas of LUVOIR using the spectrograps
POLLUX and LUMOS are, respectively, 2 000 (1 100) and
130 000 (73 100) cm2, assuming the design with a diameter of
12 (9) m (K. France, private communication; see a summary of
instrumental properties in Table 1).
We performed the same tests with LUVOIR/LUMOS and
LUVOIR/POLLUX5 to estimate the uncertainties they will yield
when observing M dwarfs at different distances; the results are
summarized in Figs. 9 and 10. It is important to note that LU-
VOIR will reside at the Earth-Sun L2 point, thus avoiding con-
tamination by geocoronal emission. It will, however, still con-
tain astrophysical background contamination; based on the value
∼710 R reported by Kameda et al. (2017), we estimate that the
astrophysical background in Lyα to be ∼2 × 10−14 erg s−1 cm−2
arcsec−2.
Our estimates show that, in a 50-minutes6 exposure with LU-
VOIR, the uncertainties of the Lyα flux of M dwarfs up to a dis-
tance of 20 pc and up to radius 0.6 R are always limited by
the photon noise of the source, and well above the limit set by
the photon noise of background astrophysical sources. The LU-
MOS spectrograph will have uncertainties two orders of magni-
tude lower than POLLUX owing to its larger effective area. POL-
LUX, on the other hand, provides an improvement of one order
of magnitude in the flux precision when compared to HST/STIS.
By comparing the estimated uncertainty levels with the ex-
pected signal in Fig. 5, one can conclude that LUVOIR/LUMOS
will be better suited to perform the detection of an Earth-like
exosphere transiting an M dwarf in Lyα. Such a detection will,
nonetheless, be limited to a certain distance, which will vary de-
pending on the time we are willing to invest. If we consider that
30 transits is a reasonable time investment for a single target,
then this distance limit should be 15-20 pc in the most favorable
scenarios.
4.3. Analysis of a synthetic dataset with injected noise
To illustrate the point of this manuscript, we analyze two test-
cases with synthetic datasets and a well-established analysis
strategy used in previous studies of FUV transmission spec-
troscopy. In case 1, we produce the Lyα spectrum of a M dwarf
with R = 0.2 R, Vstar = −30 km s−1, d = 5 pc, and simulate the
observable spectra with realistic injected noise based on the in-
strumental design of LUVOIR/LUMOS. In case 2, to simulate a
case similar to TRAPPIST-1, we change to stellar radius to 0.12
R, distance to d = 12 pc and Vstar = −55 km s−1. The Lyα
synthetic spectra of the test-cases are shown in Fig. 11.
We produce light curves of the Lyα flux of the star by inte-
grating its flux density between the ranges [-50, 10] km s−1 in
the stellar reference frame, assuming that all transit exposures
happened at roughly the same phases of the planetary orbit. The
exposure time is set by the duration of the optical transit, which
should be around 100 (60) minutes in the case of an Earth-sized
planet orbiting in the inner edge of the HZ of a R = 0.20 (0.12)
R M dwarf. The resulting light curves are shown in Fig. 12.
5 For POLLUX we assumed the same instrumental background as LU-
MOS.
6 We chose 50 minutes so that the results are comparable to HST/STIS.
The duration of an HZ exoplanet transit around an M dwarf is in this
order of magnitude.
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Fig. 8. Expected uncertainty of the Lyman-α flux of M dwarfs in function of their distance in a single exposure of HST/STIS using the G140M
grating and for two different densities of H i in the ISM. The flux was computed between Doppler velocities [-50, 10] km s−1 and we assumed
the radial velocity of the ISM to be null in the telescope’s rest frame. The dashed line represents the excess transit absorption level in a 0.1 R M
dwarf.
Table 1. Properties of the instruments.
Properties near Lyα HST/STIS LUVOIR-A(B)/LUMOS LUVOIR-A(B)/POLLUXG140M G120M
Resolving power 10 000 44 000 120 000
Effective area (cm2) 680 130 000 (73 100) 2 000 (1 100)
Background rate (erg cm−2 s−1 Å−1) 7 × 10−17 2 × 10−20 ...
Aperture size (arcsec) 52 × 0.1 [slit] 0.136 × 0.068 [shutter] 0.03 [pinhole]
Table 2. Mid-transit excess absorption obtained for cases 1 and 2 using
noise-injected data based on the specifications of LUVOIR/LUMOS.
Transit excess (ppm) # of transitsCase 1 Case 2
LUVOIR-A 220 ± 42 535 ± 103 10
LUVOIR-B 145 ± 39 507 ± 142 20
The white-light absorption dominates the total Lyα occul-
tation for an Earth-like exoplanet transiting a M dwarf, as ex-
pected. However, with the accumulation of several transit light
curves with LUVOIR/LUMOS, there is a visible excess absorp-
tion in the mid-transit exposures (∼200 ppm for case 1 and 500
ppm for case 2, values that are comparable to the expected transit
depth excess seen in Fig. 5), assuming that the white-light radius
of the transiting exoplanet is known perfectly. For a reference,
the precision of TESS light curves for bright targets (Tmag < 8)
is on the order of 100 ppm (Sullivan et al. 2015; Oelkers & Stas-
sun 2018), which is similar to the signal we are trying to detect;
thus, an extensive photometric follow-up on Earth-sized candi-
dates from TESS may be necessary to obtain a precise white-light
radius before attempting a Lyα transmission spectrum; the satel-
lite CHEOPS (Broeg et al. 2013) will be a crucial instrument to
obtain precise radii of exoplanets.
The Lyα transit excess absorption obtained in the noise-
injected test cases are shown in Table 2. In general, we show that
it is possible to perform the detections within a resonable time
investment (10-20 transits) using LUVOIR/LUMOS and obtain
a significance of 5σ for a targets at 5 pc or 12 pc.
4.4. Comparison with previous studies
A recent report by Gómez de Castro et al. (2018) showed that
detecting exospheric hydrogen in terrestrial planets is feasible
for nearby M dwarf targets, provided that the telescope is large
enough (4-8 primary mirror). Our results corroborate this con-
clusion of Gómez de Castro et al., but we found that the de-
tectability depends not only on the telescope size, but it is also
highly-dependent on the intrinsic properties of the host star, such
as radius and the radial velocity difference of the system. In fact,
stars with favorable properties may allow us to search for H-rich
exospheres in a range of distances up to 20 pc (see Sect. 5).
There are other, more direct but not necessarily more effi-
cient, ways to search for evidence of atmospheric water in Earth-
sized planets. Transmission spectroscopy using JWST (Greene
et al. 2016) offers the most obvious choice. In particular, Barstow
& Irwin (2016) showed that it is possible to detect water in the
atmospheres of some planets in the TRAPPIST-1 system using
JWST, but it would require 60 transits for a clear detection. An-
other strategy that may become available in the future is high-
dispersion spectroscopy coupled with high-resolution imaging
(e.g., Snellen et al. 2015; Lovis et al. 2017), but such techniques
may be limited to very nearby systems (up to only a few pc, such
as Proxima b). In addition, high-dispersion spectroscopy with
the extremely large telescopes may provide a window to search
for biosignatures, such as oxygen, in rocky nearby planets up to
several pc in distance (Snellen et al. 2013).
5. Targets of interest
Our results from Sects. 3 and 4 show that the best targets to
search for the signal of exospheric absorption in an Earth-like
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Fig. 9. Same as Fig. 8, but for LUVOIR/POLLUX. The top (lower) row corresponds to LUVOIR-A (-B).
exoplanet are small M dwarfs within ∼15 pc. These limits can
be stretched or shrunk depending on the radial velocity of the
star and the H i density of the ISM in the line of sight. To date,
the nearest M dwarfs with known Earth-sized transiting plan-
ets are LHS 1140 (Dittmann et al. 2017; Ment et al. 2018) and
TRAPPIST-1 (Gillon et al. 2016, 2017). We were able to obtain
a detection in simulated data for a TRAPPIST-1-like system, but
the distance and radial velocity of LHS 1140 (15 pc and -13.2
km s−1, respectively) may render the latter a difficult target for
the search of an Earth-like exosphere.
In the case of nearby solar-type stars, such as α Cen AB and
18 Sco, the most significant barrier to perform this search is that
the inner edge of their HZ sits too far from the host star, ren-
dering orbital periods in the order of several months (Kasting
et al. 1993) and severely decreasing the transit probability of a
potential exoplanet.
More Earth-sized planets amenable to exospheric character-
ization are likely going to be discovered by TESS (Ricker et al.
2014). The mission will detect several new transiting exoplan-
ets in the solar neighborhood, particularly around M dwarfs in a
brighter regime than the Kepler and K2 missions. Based on the
Catalogue of Simulated TESS Detections (Sullivan et al. 2015),
we estimate that planets amenable to atmospheric escape detec-
tion – namely those around stars within 50 pc – will amount to a
sample of ∼ 130 planets. Of these, ∼ 30 will have radii between
0.7 and 1.5 R⊕, of which ∼ 10 will have a similar level of irradi-
ation as the Earth does. A final cut to a distance of 15 pc results
that only ∼ 4 of these predicted transiting planets will be similar
to Earth in size and irradiation level, and viably be amenable to
exospheric characterization using LUVOIR.
In this manuscript we limited ourselves to consider only
quiet M dwarfs and exoplanets with an exosphere similar to the
Earth’s, which do not provide the most favorable conditions to
produce evidence for water in the lower atmosphere of a rocky
exoplanet. Other targets that can potentially be of interest are ac-
tive M dwarfs that host transiting exoplanets, which are known
to display strong Lyα emission and thus would likely produce
stronger exospheric absorption signal.
Exoplanets with denser exospheres will produce a stronger
absorption signal in Lyα, and our simulations indicate that the
signal is proportional to the overall density of the exosphere,
as long as it remains optically thin. Although simulating atmo-
spheric escape in water-rich planets is not in the scope of our
study, we expect that such planets could have exospheres or-
ders of magnitude more dense than the Earth, and could be po-
tentially detectable with HST/STIS. We computed the synthetic
spectrum of the star from case 1 (see Sect. 4.3) as if observed
with HST/STIS, and produced an exosphere model with densi-
ties 500 times larger than the Earth’s to test the limit we can
observe with this instrument: our simulation indicates that a sig-
nal can be detected with significance 4σ during 50 transits with
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Fig. 10. Same as Fig. 8, but for LUVOIR/LUMOS and with a different scale in the y-axis.
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Fig. 11. Synthetic spectra used in the test case 1 (left) and 2 (right). The scales in the y-axes are kept the same to highlight the difference between
the observable fluxes.
HST/STIS, assuming that the exosphere has the same shape as
the Earth’s (see Fig. 13).
Theoretical models of planet formation predict a pathway to
form deep ocean planets, in which a significant part of their mass
(up to ∼50%) is composed of water (e.g., Léger et al. 2004). Fur-
thermore, based on demographics of exoplanets observed with
Kepler, it is also possible that many small planets are dense
enough to be rocky, but may harbour thick envelopes rich in
volatiles (Rogers 2015). Such water- and volatile-rich planets are
prime targets for the search of H-rich exospheres using the UV
capabilities of HST.
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Fig. 12. Transit light curves of our test cases. The vertical dashed lines separate the different exposures (5 in total for each transit; the exposure
time for each data point is equal to the transit duration).
6. Conclusions
Studying the upper atmospheres of extrasolar planets will be an
important tool to move forward towards understanding habitabil-
ity and planetary evolution. The region of the upper atmosphere
known as exosphere is mainly composed of neutral hydrogen
that escapes from the planet driven by the high-energy irradia-
tion from the host star and, for an Earth-like planet, it can be
a product of the presence of water in the lower atmosphere. In
extrasolar planets, this feature has only been confirmed for giant
planets thus far, but the Earth is known to possess its own ex-
osphere. In this work, we sought to investigate if it is possible
to observe the exosphere of an Earth-like planet orbiting nearby
M dwarfs using transit spectroscopy with the Lyα line. To per-
form such tests, we employ realistic constraints in the instrumen-
tal limitations of current and future space missions, namely the
HST and LUVOIR, and the empirical model of the geocorona
proposed by Kameda et al. (2017).
The observable Lyα flux of stars scales most strongly with
their distance, owing to ISM absorption in the line of sight. We
found that the intrinsic Lyα flux attenuation δ with distance d
follows an exponential relation, and will also depend on the den-
sity of H i atoms in the line of sight. This relation is useful not
only to achieve our particular objectives, but also to estimate the
observed Lyα flux in any star in the solar neighborhood. Fur-
ther, we obtained several relations between the excess absorp-
tion caused by a transiting exosphere during the mid-transit of
an Earth-like planet. These relations are complex, owing to the
fact that they depend on the difference between the radial veloc-
ity of the star and that of the ISM in the line of sight, and also on
the instrumental setup.
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Fig. 13. Transit light curves of test case 1 with an exosphere 500 times
denser than the Earth’s. The Lyα transit excess is detected reliably
within 50 transits with HST/STIS.
We presented an extensive and detailed discussion on the ob-
servational strategies necessary to perform the above-mentioned
detection in Section 4, which we summarize below:
– The space telescope LUVOIR will be able to characterize
exospheres in Earth-like planets using the LUMOS spectro-
graph. The number of transits necessary to obtain a reliable
detection varies strongly depending on the target, but we can
set a flexible limit at distances up to 15 pc for 30 transits.
The astrophysical background contamination will not be a
limitation for nearby targets, neither will the Earth’s own ex-
osphere.
– We analyzed two test cases with noise-injected, simulated
data: case 1 had R = 0.20 R, d = 5 pc and ∆V = −30
km s−1; for case 2, we used a system similar to TRAPPIST-
1, in which R = 0.12 R, d = 10 pc and ∆V = −55 km
s−1. In both cases, even though they did not involve the most
favorable conditions, we obtained reliable detections within
10 (20) transits with LUVOIR-A (-B).
– Although an Earth-like exosphere is not observable in Lyα
spectroscopy with HST/STIS, we were able to obtain a re-
liable detection using noise-injected data in the case of an
exosphere 500 times more dense in 50 transits with this in-
strument, for a target at a distance of 5 pc.
The nearest M dwarf with transiting planets is TRAPPIST-
1, and its distance of 12 pc renders it a clear target for Lyα
transmission spectroscopy with LUVOIR/LUMOS. LHS 1140,
another nearby M dwarf that hosts transiting planets is a more
challenging target owing to its unfavorable radial velocity. We
did not consider active M dwarfs in this study but, owing to their
stronger Lyα emission than inactive ones, they likely have more
extended limits in distance than inactive M dwarfs. The TESS
mission will expand the search for transiting planets around
nearby M dwarfs to the whole sky, which will likely yield more
viable targets for atmospheric escape characterization. Future
studies in this direction will benefit from performing simulations
of neutral hydrogen exospheres (e.g., using the EVE models;
Bourrier & Lecavelier des Etangs 2013; Bourrier et al. 2016)
around rocky planets with denser atmospheres (such as ocean
or steam worlds) orbiting M dwarfs; these stars have a more in-
tense high-energy output than Sun-like stars and likely produce
denser exospheres and shape them into comet-like tails by radi-
ation pressure, increasing the detectability.
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